Abstract-Current methods to estimate exposure of wildlife to pesticides from diet depend on a database of published residue concentrations on crop plants normalized to a standard application rate to obtain a residue from a unit dosage (RUD). This database, first published in the early 1970s, was updated in the 1990s. For each category of crops, maximum and mean residues are determined and used to extrapolate concentrations on plants across application rates in calculations of risk. The present study aims to update the database, to examine the validity of extrapolating RUD values across application rates, and to improve the categorization of crops using crop morphology and cultivation methods. The slope of the linear regression of residue concentrations against application rate in 41 trials was significantly different from one in all but five cases. This supports the assumption that residue concentrations are directly proportional to the application rate, although less than half the variance in residue concentrations was explained by the linear model. Residues on leaves were partitioned into eight categories of crops using information regarding plant morphology and cultivation method. Fruit size was an additional variable useful for segregating residues into four categories: Small fruits, large fruits, pods, and grains. The proposed changes increase the amount of variance explained in the residue database from 19 to 32%. Depending on the crop category, residues on fruits were 2-to 16-fold lower than those on leaves. Residue concentrations on leaves of short plants were more than fourfold higher than those on leaves of tall plants. Descriptive statistics are provided for each of the proposed crop categories.
INTRODUCTION
Methods used to assess risks to wildlife by pesticides have essentially remained unchanged during the last 20 years. The U.S. Environmental Protection Agency (U.S. EPA) first developed the current assessment model [1] . At the core of this model is the calculation of a risk quotient, which is the ratio of an estimate of exposure over a toxicological endpoint. The value of this quotient determines the level of concern for the scenario examined: If exposure far exceeds a safety threshold, then higher levels of risk are predicted, and vice versa. Toxicological endpoints usually consist of measures of the median lethal concentration (i.e., LC50). For terrestrial wildlife consuming vegetation, measures of exposure to pesticides formulated as liquids involve the use of a nomogram first developed by the U.S. EPA [1] from the data published by Hoerger and Kenaga [2] . This nomogram is a graphical representation of predicted typical and maximum concentrations on six categories of plants or plant parts based on the application rate. These concentrations, which are first normalized to a standard application rate of 1 lb. of active ingredient (a.i.) per acre, are called residues from a unit dosage (RUD). The typical and maximum values correspond to the arithmetic mean and the highest residue at day 0, respectively, recorded in the database of published concentrations assembled by Hoerger and Kenaga [2] . Fletcher et al. [3] proposed changes to the plant categories and the maximum values based on a larger database of crop residue values. Regulatory agencies in Europe [4] and North America [5, 6] currently use the nomogram in its original [2] or modified [3] version for predicting exposure levels in ter-restrial wildlife. Nomogram values also are used in risk assessments conducted outside regulatory agencies [7, 8] to predict environmental exposure as inputs to toxicological models [9] and to interpret the significance of toxicological studies conducted in the laboratory [10, 11] .
Despite the extensive use and importance of the nomogram in making regulatory decisions, few efforts have been made to validate this approach. Some studies examining the ability of the nomogram to predict correctly the residues on alfalfa [12, 13] and other crops [14] show that residues occasionally exceed the original upper limit values. Of greater relevance, however, is testing the validity of the concept of RUD, because this is the basis for extrapolation of expected environmental concentrations across different application rates. The evidence published so far suggests that the relationship between application rate and residue concentration may not be linear [12, 14] . Those authors also suggest that differences resulting from use of the wrong model may be minimal. One study of factors affecting risk assessment of an insecticide used in alfalfa [15] concluded that expected environmental concentrations derived from the nomogram were as good at predicting exposure to small mammals as the actual samples taken from the field. The risk quotients derived from nomogram values correlated well with estimated mortality, suggesting that improvements to the nomogram should improve risk predictions.
A U.S. EPA Science Advisory Panel has supported the use of generic data to calculate exposure for regulatory assessments of pesticide risks to the environment [6] , but recent efforts toward the adoption of probabilistic methods will lead to use of the whole database behind the nomogram [16] . The maximum and typical values are the only values currently retained for risk assessment. Furthermore, no statistical anal-ysis supports the pooling of residue values into groups, as proposed by Hoerger and Kenaga [2] . The groups initially proposed were broad and somewhat arbitrary. We also know that the pesticide application method can vary substantially between crops, which may lead to significant differences in residue concentration. This variable must be considered in any new grouping scheme.
The present study aims to update the database used to predict pesticide residue concentrations on crops. We use published studies of residues on crops to create this database. The data are used to examine the validity of making predictions by extrapolating from standardized values, as is now done in risk assessment, and a statistical approach to defining groupings of crops is developed. This approach is based largely on plant morphology while recognizing the relevance of cultivation methods and pesticide application methods where required. The values in the database are then partitioned according to the proposed new crop groupings to determine whether differences among crops in morphology, cultivation, and application methods translate into significant differences in spray residues. Finally, the database is analyzed to determine the effect of some variables on RUD values so that these may be considered later during risk assessments.
MATERIALS AND METHODS

Establishment of the database
We searched studies published between 1970 and 1999 in which concentrations of pesticides on crop plants were reported. Approximately 4,500 citations were obtained, and more than 700 publications were retained for examination. Data also were obtained from 25 field studies submitted by manufacturers in support of registration. These studies were available under U.S. Freedom of Information Act provisions and, therefore, were deemed not to contain confidential business information. Studies meeting the following criteria were retained: Those that reported pesticide residue concentrations on crops from samples that were taken within 24 h of a single application; those in which the product was applied directly to the above-ground part of the plant, thus excluding deliberate applications to the soil; those in which the reported use was agricultural and included applications to field crops, row crops, orchards, vineyards, and turf; those in which the product was applied as a spray, because the physical properties, application method, and drift characteristics of dusts and granules differ significantly from those of liquids; and those in which the units reported were such that residue concentrations and application rates could be obtained in grams of a.i. per kilogram of fresh weight of sample and in kilograms of a.i. per hectare, respectively.
Each study was reviewed, and information was extracted regarding the pesticide application (chemical and product name, rate and volume of application, application method, concentration of a.i., formulation type), the crop (species, cultivar, stage of growth), the geographic location, the sample collection (part sampled, time interval of sampling), the analytical method, and the residue concentrations. In the majority of studies, the pesticide was applied to a single field, although within a field, replicate plots were laid out as randomized blocks. For plots receiving the same treatment, a mean for all plots was usually reported. If plots received different treatments, each plot was dealt with separately, and for each treatment plot, a mean of all samples within the plot was usually reported. In some cases, the average was calculated at the time of data entry. Treatments usually differed in the pesticide applied, the application rate, the method of application, or the application date. Appropriate calculations were performed to standardize units; these calculations were always based on data reported in the paper from which the residue values were obtained.
The search for studies to include in the database yielded 1,488 residue values originating from 314 sources. Studies conducted on field and row crops accounted for 1,286 residue values, with the balance coming from orchards, turf, and vineyards. For the purpose of the present study, field crops are defined as those crops, such as cereals or forages, that provide continuous vegetative cover soon after seedling emergence. Additionally, row crops, which include most vegetable crops, are defined as those crops that are planted in wide rows where continuous vegetative cover is not attained until late in the growing cycle. For each record in the database, the ratio of pesticide concentration to the rate of application, or RUD, was then calculated.
Constraints related to differences in pesticide analytical methods
Determination of the recovery efficiency for the methods used was noted and the value entered into the database. For 65% of the records, the recovery was applied as a correction to the residue measurement (if it had not already been performed by the authors of the study being examined). For approximately 35% of the records, either the recovery was not provided or it could not be determined whether it had been applied as a correction to the residue measurement. The bias introduced is not thought to be large given the dilution of these records within the database. Also, less than 1 in 10 reported recoveries was lower than 80%. This implies that in the majority of cases, the reported residues underestimate actual values by no more than 20%.
In the majority of studies reported in the database, the whole sample was analyzed for total residues. In approximately one in five samples, however, only surface dislodgeable residues were determined. Use of these numbers in the analysis leads to an underestimation of concentration. In studies conducted with rice shoots [17] and soybean leaves [18] , in which the analysis of both surface and absorbed residues are provided, the reported ratios of surface to absorbed concentrations ranged from 0.6 to 8.9, with a mean and a median of 4.1 (n ϭ 16, standard deviation ϭ 2.4) and 3.7, respectively. These data suggest that on average, values that report surface residues underestimate total residues by 20%.
Testing the validity of the assumption behind the concept of RUD
Underlying the development (and the use in risk assessment) of the concept of RUD is the intuitively simple assumption that the ''application of a pesticide to a given plant surface area results in residues in direct proportion to the dosage, if other variables are similar and if spray volume is maintained below the point of run-off . . . '' [2] . This assumption needs to be true for exposure predictions to be reliable, because this is the basis for extrapolating across application rates. This was examined using studies in which the only variable that differed between treatments, other than the field or plot where the trial occurred, is the application rate. We also ensured that selected studies did not apply pesticides to the point of runoff, because the rate of application needs to be controlled in such (1) In this model, the value of ␤ i indicates whether the residue is proportional to the dose. If ␤ i ϭ 1, then residue is proportional to dose, and the assumption is supported by the data. If ␤ i Ͻ 1, then the curve is concave downward, and extrapolating from one dose to lower doses gives an underestimate of the residue. If ␤ i Ͼ 1, then the curve is concave upward, and extrapolating from one dose to a higher dose gives a underestimate of the residue.
Taking logarithms yields the model
where
, and e ij is the error. Linear regression was used to determine the value of ␤ for each of 41 separate experimental trials in which the number of treatments was three or more. The Student's t test was used to determine if the value was significantly different from one.
Defining new crop groupings
A new approach to classifying crops was developed based on plant morphology, along with additional considerations for the mode of cultivation, the stage of growth at sample collection, and the pesticide application method. First, a cluster analysis based on five characteristics of the morphology of crop species (Table 1) was conducted. These consisted of gross morphology, branching pattern, leaf size and shape, and plant height. The morphology described is that attained by cultivated plants at the time of harvest. All the data concerning basic morphology, leaf size, and leaf shape, as well as most of the data concerning plant height, were taken from Bailey [19] . For crops that did not attain maturity at harvest, heights were taken from those reported by Decoteau [20] . Sufficient data were available for 65 of 80 species in the database. Statistical clustering of crops was carried out using the complete linkage method, a hierarchical agglomerative approach, and the percentage disagreement coefficient, which is a simple matching coefficient suitable for multistate nominal data. The clusters thus obtained were used to partition the database of RUD values into groups that were analyzed for significant differences. A nonparametric analysis of variance was used for this purpose, because earlier tests of the database indicated significant departures from normality that could not be corrected by transformations of the data. The procedure described by Dunn [21] was used to locate significant differences between groups when more than two samples were analyzed. The results of this analysis validate the new proposed groups and possible modifications to the grouping of crops. The resulting new crop categorization scheme was compared to the existing schemes of Hoerger and Kenaga [2] and of Fletcher et al. [3] by calculating the amount of variance explained by each.
Factors affecting values of RUD
The resulting crop groups were further examined for the influence of a number of variables on the resulting residue values. These variables included the part sampled, the growth stage, the degree of exposure of the part sampled, the method of application, and the region where the study was conducted. The statistical methods consisted of two nonparametric tests, the Mann-Whitney U test for two-samples and the KruskalWallis for more than two samples.
The part sampled consisted mainly of fruits, leaves, or shoots and grains. Information concerning the stage of growth and the nature of the part sampled were taken directly from the study. The first was reduced to two categories: Plants greater than 30 cm in height, and plants less than 30 cm in height. Individual study locations were pooled in two broad groups: Western, technologically dependant countries (Europe, North America, Australia, New Zealand), and countries with a greater reliance on human-powered equipment (Africa, India, Far East, Middle East). These two regions differ not only in the dominant technology used but also in the broad climatic and cultural considerations. In all, 211 types of pesticide application equipment were reported. These were reclassified into three categories. The emphasis was put on separating human-powered equipment from those powered and manipulated by farm equipment. The second concern in setting these new categories was making distinctions between methods of application that result in very different spray deposition patterns. For these reasons, application methods were classified into ground, air, and human categories. Techniques utilizing airplanes or helicopters were grouped together. Ground equipment using tractors and other vehicles, which provide power to deliver sprays, formed another group. The final group encompassed all equipment for which part of the spraying is powered by humans and/or directed by hand (e.g., knapsack sprayers, hand-or footpowered sprayers, sprayers pulled by humans).
Numerous changes in the formulation and preparation of spray mixes have occurred during the past 30 years. The influence of specific changes could not be examined because of the lack of readily available information concerning formulation types and adjuvants. If it is assumed that changes have occurred continually during this period, then the date on which a given study was conducted can be used as a proxy for the cumulative improvements in technology that have occurred over this time. The RUD values were regressed against the date of the study using a linear model to see if an overall increase or decrease over this time could be detected. All statistical analyses were conducted using the software package Statistica version 5.5 [22] . Table 2 provides a regression slope value for each of 41 trials in which more than three treatment rates were available. Only 5 of 41 trials had a slope that differed significantly from one, and in four of these five trials, the slope was less than one. The distribution of slope values among the trials shows much variability, as expressed by the descriptive statistics in Table 2 . This variability is best illustrated by plotting the proportional increase in the application rate against the proportional increase in residue concentration (Fig. 1) . For each trial, the ratio of each treatment rate over the lowest rate was calculated and expressed as a percentage increase in rate. The matching residues were treated in the same manner, yielding a total of 78 pairwise comparisons. Studies in which the regression slope value was statistically different from one were excluded, as were two data points that were considered to be a Gross morphology is described using six classes: GR ϭ grass or grass-like plants; HE ϭ erect herbaceous plants; HV ϭ climbing or running herbaceous plants; SH ϭ shrubs; TR ϭ trees; WV ϭ climbing woody plants. b Branching pattern of stems and/or leaves: Branching ϭ leaves are inserted divisions of the main stem (e.g., alfalfa, peppermint, pepper); Leaf ϭ leaves are all basal (e.g., onion), root leaves (e.g., celery), or in a rosette (e.g., sugar beet, strawberry, radish, lettuce; Single ϭ leaves are inserted on an undivided stem (e.g., cereals, sunflower); Twining ϭ climbing or running plants that have tendrils. c Plant height: 1 ϭ 30 cm or less; 2 ϭ 30 to 75 cm; 3 ϭ 75 to 150 cm; 4 ϭ 150 to 300 cm; 5 ϭ greater than 300 cm. d Shape of leaf or leaflet: 1 ϭ filiform; 2 ϭ linear lanceolate/oblanceolate; and 3 ϭ oblong, oval, ovate/obovate, orbicular, deltoid, rhomboid, cordate or lyrate. e Leaf length: 1 ϭ less than 7.5 cm; 2 ϭ 7.5 to 18 cm; 3 ϭ greater than 18 cm.
RESULTS
Validity of the concept of RUD
Environ. Toxicol. Chem. 24, 2005 A. Baril et al. outliers. These data points were two-to threefold greater than the next highest value. If the assumption tested was valid, it would be expected that the interval between two application rates within a study would correlate strongly with the matching interval between the two resulting residue concentrations. The strength of this relationship was analyzed by linear regression. As expected, the increase in residue concentration strongly correlates with the increase in application rate (F ϭ 74.9, p Ͻ 0.001, r 2 ϭ 0.49) (Fig. 1) . It is important to note, however, that less than 50% of the variance is explained despite using each trial as its own control. The variance reported here excludes within-plot variance, because the values reported for each trial were means.
New crop groupings obtained from the cluster analysis
The results of the cluster analysis of 65 crop species using five descriptors of morphology are illustrated in Figure 2 . Ten clusters were identified at a linkage distance of 0.4. Further splitting of clusters based on morphology alone was not pursued, both because differences between clusters become minor Fig. 2 . New crop groupings based on cluster analysis of five morphological traits for 65 plant species. Successive splitting of clusters is illustrated by the boxes, which are nested as a function of linkage distance. Further splitting of clusters was conducted by incorporating aspects of morphology, cultivation, and pesticide application methodology not considered in the analysis. Two groups were added for turf and forage grasses, which are not included in this analysis (because they consist of assemblages of species). Crops with their names underlined were added to the groups after the analysis. Group descriptions reflect the dominant plant type or family. and because cluster sizes became too small for analysis. The analysis effectively separated some taxonomic and morphological groupings, such as grasses, orchard species, and pulse crops.
Additional splitting of the clusters was made by considering factors such as the mode of cultivation and the pesticide application method. In the first case, it is important to distinguish field crops from row and orchard crops. The arrangement of plants in the field will affect spray deposition. Pesticide applications are adapted to specific cultivation methods and plant morphology and, therefore, differ markedly with these two variables. Some reassignment of species also was necessary, because of the aberrations that can occur with cluster analysis. In this case, equal weights were given to each of the five morphological variables. Some species, which are similar in many respects to others within the same cluster, can stand out as oddities if a particular feature of its morphology carries more weight in defining its overall aspect.
From the first cluster, alfalfa and sweet clover were separated into a group called forage legumes, because they are both field crops. Tobacco joined sunflower in a very tall and leafy group. This left a group of vegetable row crops called mediumsized leafy plants. Peppermint from the fourth cluster also joined this latter group. Also from the fourth cluster, blueberries and pigeon peas were pooled with the cotton/black currant/ raspberry cluster to form the shrub-shaped group (because of a better morphological fit). Mandarin joined the original cluster of orchard trees to form the fruit trees group. The cluster of grass species was split based on the height of plants. Corn, sorghum, and sugarcane formed the tall grasses group; the other grasses formed the cereals group. The erect and thin leaves group consisted of two species of the Liliaceae family, onions and asparagus, which are spear-shaped at harvest. In the seventh cluster, large plants of the family Brassicaceae were isolated from mustard and rape, respectively, in the plants with large whorled leaves group and the oilseeds group because of differences in the size of the plants and in the mode of cultivation. From the ninth cluster, all members of the Cucurbitaceae family were pooled in a group named gourds; cowpea, lima bean, and lablab bean joined the pulse crops cluster; and grapes were isolated into the woody vines group. A group of short and leafy plants consisted of cumin, radish, spinach, strawberry, and sugar beet. In all, 14 groups were created from the original 10 clusters. Two additional groups, turf and forage Environ. Toxicol. Chem. 24, 2005 A. Baril et al. grasses, were created to handle database values for multispecies complexes that could not be included in the analysis. Descriptive statistics for the new crop groupings are presented separately for leaves and fruits in Table 3 . Values for grains and the hearts of plants with whorled leaves are also reported. The RUD values for leaves and shoots were analyzed for differences among 14 crop groupings using the KruskalWallis test. Two groups, the gourds and the very tall and leafy, were excluded because of insufficient sample sizes. The results shown in Table 3 indicate statistically significant differences among groups. The groups are presented from the highest to lowest mean ranks of the data (not shown). The multiplecomparisons test of Dunn [21] identified few statistically distinct clusters of groups, except for those groups at opposite ends of the table. This likely results from the very large variance found within groups. The range of values within each group spans two (and, sometimes, three) orders of magnitude. The ranking of groups based on mean ranks highlights how groups sharing common features of cultivation can be pooled further, where differences are not statistically significant. For instance, cereals, turf, forage legumes, and forage grasses, all of which are field crops providing continuous vegetative cover, are found next to each other in Table 3 . The analysis also shows that the RUD values are not statistically different among these groups. Similarly, crops growing in orchards and vineyards are ranked next to each other and are not statistically different. Finally, vegetable row crops, which include mediumsized leafy plants, pulse crops, and crops of plants with whorled leaves, form a third pool of species that are grown as row crops. Descriptive statistics for each of these final groups are provided in Table 4 . The remaining five groups in Table 3 could not be pooled with other groups because of their exceptionally high or low RUD values (shrub-shaped crops and plants with erect and thin leaves), their morphology (tall grasses and short leafy plants), or type of cultivation (oilseeds). These groups were retained without modification in Table 4 . For all groups, the median RUD values for fruits were substantially lower than those for leaves and shoots (Table 3) . In all but one case, RUD values for fruits were statistically different from those for leaves and shoots of the same groups (Table 5) . Among the six fruit groups (Table 3) , statistically significant differences were observed (Kruskal-Wallis, 2 ϭ 17.8, df ϭ 5, p ϭ 0.0032), which are largely the result of differences between fruits of woody vines and fruits of gourds and medium-sized leafy plants. No other differences among the groups were noted. The classification of fruits based solely on crop plant morphology does not provide a useful partitioning of RUD values (Table 3 ). The morphological features of the plants and cultivation characteristics used to group the crops may not be relevant to the distribution of residues on fruits. Further analysis of residues on fruits was conducted by grouping values based on fruit size and method of cultivation. The RUD values were categorized, based on these distinctions, into seven groups: Berries (black currant, blueberry, cherry, grape, raspberry), pods (pulses, okra, chili), gourds, tomatoes, eggplants, large (apple, lemon, mandarin, nectarine, orange, peach), and small (apricot, date, fig, kiwi, plum) orchard fruits. Tomato and eggplant were assigned their own categories because of the large number of corresponding records. The RUD values of the seven groups were compared using the KruskalWallis test. Table 6 shows the results of the analysis along with descriptive statistics for each group. Multiple comparisons using the procedure described by Dunn [21] suggest separating fruits into two groups based on size. Berries and small orchard fruits should be grouped together with all the other fruits belonging to a second group. The results of the statistical analysis, along with considerations of morphology, suggest the separation of pods from fruits. Descriptive statistics for grains are also provided separately in Table 6 .
Factors affecting values of RUD
The effect of the degree of exposure of a plant part on RUD values was examined in two groups. In plants with large whorled leaves, the RUD values for the heart were compared with those of leaves with different degrees of exposure. Leaves that were completely exposed had significantly higher RUD values than the heart of the plants or leaves that were covered or partly covered (Tables 3 and 5 ). The degree of exposure of leaves and shoots of forage legumes also significantly affected RUD values (Table 5 ). Shoot tips showed higher values than shoots from the interior of the plants (Table 3) .
The growth stage of plants was examined in four groups. In cereals and pulse crops, a significant difference was noted with the RUD values of tall plants (height, Ͼ30 cm) being lower than those of short plants (height, Ͻ30 cm). This effect was not significant for the forage legumes or the tall grasses. For this latter group, the RUD values were regressed against the number of days since seeding, which was used as a surrogate for plant height. The resulting regression was not significant (Table 5 ).
The effect of three broad classes of application method (human powered, ground, and air) on RUD was examined in three groups. Only in shrub-shaped plants was an effect detected having significantly higher values associated with human-powered application ( Table 5) .
The data also were examined to see if RUD values differed between regions where the studies were carried out. Table 5 indicates significant regional differences in RUD values in two of the three groups tested. The RUD values in cereals were significantly higher in western countries, but the opposite was true for plants with whorled leaves. Only the RUD values reported for leaves and shoots were used in the present analysis.
Finally, the regression of all RUD values against the year of study did not show a statistically significant trend (r 2 ϭ 0.0017, F ϭ 2.56, n ϭ 1488, p ϭ 0.11). The RUD values do not appear to have changed over the 30-year time span examined here. Figure 3 illustrates the cumulative distribution for 80% of the RUD values categorized according to the scheme of Hoerger and Kenaga [2] , the scheme of Fletcher et al. [3] , and the new groups proposed in Tables 4 and 6 . The 10% tails of the distributions are not illustrated to facilitate interpretation, because they extend far to the right and to the left of the main body of values. The new groups in Figure 3c show how the data are distributed in much narrower intervals than they are 368 Environ. Toxicol. Chem. 24, 2005 A. Baril et al. h For leaves and shoots, east Ͻ west (2.1-fold difference between medians). i Linear regression of RUD against time (in d) elapsed since seeding. j Covered leaves ϭ partly covered leaves Ͻ heart Ͻ exposed leaves. k For leaves and shoots, west Ͻ east (4.7-fold difference between medians). l For leaves and shoots, tall Ͻ short (4.6-fold difference between medians). m For leaves and shoots, air ϭ ground. n Human ϭ ground. with the other two schemes. The exception to this is for large fruits and leaves of orchards and vineyards. The distribution of values for these two groups extends well over two orders of magnitude.
Cumulative distribution of RUD values
The performance of the three schemes at partitioning the large variance found in the data was determined using the ratio of the effect sum of squares to the total sum of squares on the ranked data. This is similar to the r 2 value of a regression, which measures the amount of variance explained. The values obtained were 0.17 for the scheme of Hoerger and Kenaga [2] , 0.19 for the scheme of Fletcher et al. [3] , and 0.32 for the new groups proposed in the present study. This is a significant gain in the variance explained, but it still fails to account for more than 65% of the variance.
DISCUSSION
Regardless which approach to risk assessment is used (simple or complex, deterministic or probabilistic), the basis of our ability to predict risk lies in data obtained from the real world that enter into assessment models. When assessing pesticide Tables 4 and 6. risk to wildlife, much uncertainty lies in the estimate of exposure. By necessity, estimates of exposure to liquid formulations are based on databases of pesticide residue concentrations on crops. As shown repeatedly in the present study, regardless of how the database is partitioned, the variance remains large. This variance results from multiple factors affecting pesticide residue concentrations on crops. If we examine these factors sequentially, we need to consider initially the errors associated with the preparation of spray solutions and with the calibration of spray equipment. Because most of the studies reported in this database were conducted to examine pesticide residues, it is assumed that standard scientific protocols were followed and, therefore, that these sources of error likely were minimized. It should be noted, however, that practices can be different outside the research environment. A survey of 152 private and commercial pesticide applicators showed that less than one in four applicators were applying products within 5% of the estimated application rate [23] . Hofman and Hauck [24] showed that among 60 farm sprayers, 60% showed a calibration error greater than 10% of the applicator's target values.
The second source of variability originates from the time the spray is released from the equipment to the moment that it reaches the surface of the plant. This can result from variability in handling the spray equipment, which affects the release height, the rate of travel, the direction of travel, and the rate of release. Uneven terrain also is known to cause wheel bounce that results in uneven distribution of spray deposit. Microweather differences during the spray event, such as short bursts of wind or turbulence around spray equipment, is likely to cause variation in spray delivery. All these factors can be minimized, but not controlled, under experimental conditions, and these variables are the likely source of the 50% of the variance that remains unexplained in Figure 1 . The assumption underlying the concept of RUD, that residues on plants are proportional to the dosage of pesticide, is supported in 36 of 41 studies in which this could be tested, but as much variance is unexplained as is explained by the linear model. Pfleeger et al. [14] , who evaluated five of the nomogram categories by spraying pesticides on 15 crop species, concluded that a quadratic model was always a better fit for the relationship between application rate and residue concentration. The discrepancy between the two results may come from the fact that the authors used six rates to test their model, whereas the studies reported here rarely tested more than three application rates. This may not allow for a proper definition of nonlinear relationships. Nevertheless, Pfleeger et al. [14] reported that although the nonlinear model was a better fit, the differences with the linear model were minor. Because the data illustrated in Figure 1 consist of ratios in which both the numerator and denominator are from the same study, we can attribute most of the unexplained variability to factors, as described above, that affect the delivery of spray to the plant. This source of variance needs to be accounted for as background in any assessment work, because it cannot be reduced or controlled.
Another source of variation in the database comes from differences between studies. Because most studies were performed with different objectives and designs, variance stemming from these differences is expected. Most such variations can be ascribed to differences in the characteristics of the crop and the part sampled, the application method, and the region where the study took place. These were deemed to be the most important variables amenable to analysis, given the broad range of studies included in the database. The relative importance of formulation type on residue concentration could not be examined in the present study. Nevertheless, the fact that overall RUD values have not changed over a time span of 30 years suggests that the numerous technological innovations, including changes to formulations, that have occurred during this time did not significantly affect the amount of spray reaching the surface of crop plants. Because the effectiveness of crop protection products depends on reaching specific concentrations on the plant surfaces, we can assume that these target concentrations will not change with changes in technology, as demonstrated here.
Plant morphology, as defined using five characteristics of morphology, explained some of the variance among RUD values for leaves and shoot samples. The overlap of RUD values among the 16 groups was large, and the differences were not as distinct as would be desired for assessment purposes. Nevertheless, Table 3 indicates that the groups obtained from the cluster analysis naturally clump together based on common modes of cultivation, a variable that was not included in the analysis. Hence, this result is not spurious, validates the clustering approach based on morphological characters, and results in the final groupings proposed in Table 4 .
Other factors shown to influence RUD values on leaves include the location of the part sampled on the plant and the stage of growth. Samples taken within the canopy of forage legumes showed lower values than those of shoot tips. For two of four groups, cereals and pulse crops, taller plants showed lower RUD values than smaller plants showed. This result is consistent with the original assumption of Hoerger and Kenaga [2] that pesticide residues are diluted by biomass. The fact that this was not shown in corn and forage legumes suggests that spray volume and delivery equipment, as recommended on some product labels, may be adjusted to compensate for the dilution effect to maintain effective concentrations at target sites when plant biomass is greater and foliage more dense. This observation suggests that our understanding of the distribution of residues in crops is more complicated and cannot be reduced to the simple proposition of a linear relationship between application rate and concentration. This most likely contributes to the very large variance in RUD values within the database. These effects of the location of the plant sample [12, 13, 15] and size of the plants [13] on residue values were already noted in experimental field studies of exposure and risks to small mammals.
Median RUD values for fruits generally were 3-to 19-fold lower than the corresponding median values for leaves and shoots. The large difference between the values for leaves and those for fruits warrants separate categories for fruits. These observations are not surprising, given that fruits most often are found within a canopy of leaves. The degree of interception of the spray by the canopy depends on plant morphology, leaf size, fruit placement and size, and spray application method.
Attempts to detect differences in RUD values for fruits based on plant morphological considerations alone did not yield useful results. This may suggest that the morphology of the plant is not as critical in determining residues on fruits. Further analysis suggests that residues on fruits may be best predicted from fruit size. The analysis yielded two broad size categories for fruits and the separation of pods and grains in two other compartments. This partition is supported by the statistical analysis and provides a useful classification of crops for assessment purposes. The fact that small fruits show lower RUD values than large fruits is contrary to what is expected based on consideration of surface area to mass ratios. These unexpected results suggest that the interception by foliage may play a much greater role in the prediction of pesticide residues on fruits than size alone plays. This hypothesis was first proposed by Hoerger and Kenaga [2] to explain the limited correlation of residues with fruit size observed in their data. Foliar interception could also provide an explanation for the exceptionally wide range of RUD values for large fruits that is illustrated in Figure 3 .
No consistent pattern emerges from analysis of the role of the application method or of the region where the study was conducted. Effects were detected, but they were not consistent. For instance, studies conducted in North America and Europe showed lower RUD values in leaves of plants with whorled leaves than did studies conducted in eastern countries. The reverse is true for cereals. These regional effects may be tied to differences in the dominant method of application. The only case, however, where this latter variable is important is for leaves of shrubs, in which values are higher when humanpowered equipment is used. For this same group, there appears to be no significant difference between RUD values from eastern and western countries. Investigation of the influence of these two variables does not yield patterns useful for assessment purposes. It may be that these differences are minor when compared to those from other sources of variability.
The illustration of the proposed new groups in Figure 3 shows both the differences and the overlap between the distributions. In most cases, we find that 80% of the values for each group are within a factor of 10. Two groups, however, extend much beyond this range. The RUD values of leaves from orchards and vineyards and large fruits show ranges that extend beyond two orders of magnitude. This suggests that more work can be done to explore possible sources of variation for these two groups. Nevertheless, it is encouraging that the proposed new groupings increase the amount of variance explained to 32% from the 17% and 19% explained using the schemes proposed by Hoerger and Kenaga [2] as well as Fletcher et al. [3] , respectively. The unexplained variance is still large, however, and remains a serious impediment to effective risk quantification. As suggested above, further residue data collection for groups showing large amounts of variance can help us to understand the source of the variance. Also, enhanced efforts to conduct and validate modeling specific to spray delivery in a variety of crop types will contribute to our understanding of the variables affecting the variance. It should be kept in mind, however, that, as shown earlier, within the studies used to validate the concept of RUD, the application rate accounted for less than half the variance in residue values. This may suggest that once the spray leaves the sprayer, little of the variance can be predicted or controlled.
